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/
%e construct a complex energy functional to be used in the calculation of the nucleus-
nucleus optical potential. The functional is related to a Skyrme-like nucleon-nucleon in-
teraction derived from a finite range complex interaction previously obtained from nuclear
matter calculations appropriate to heavy ion collisions. Calculations for ' 0+ ' 0 repro-
duce very well the results obtained from the finite range interaction.
NUCLEAR REACTIONS Heavy ion optical potential from a com-
plex energy functional approach.
At present, several nuclear matter approach cal-
culations of the imaginary part of the nucleus-
nucleus potential are available. ' The complexity
of the numerical problems involved limits the ap-
plicability of this approach either to very high en-
ergies' or to light pairs. '
The present paper is an attempt to establish the
validity of a much simpler method based on a
complex energy functional. It can be regarded as
an extension to the complex domain of the method
used previously for the calculation of the real part
of the nucleus-nucleus potential. Owing to its sim-
plicity it could be applied to any pair of nuclei
once the density p and the kinetic energy density ~
are known.
The basic idea is that the complex effective
nucleon-nucleon interaction to be used in the calcu-
lation of the optical potential can be parametrized
in a way similar to that proposed by Skyrme for a
real interaction. The structure of such a force al-
lows one to express the expectation value of the to-
tal energy of a system described by a Slater deter-
minant as a functiona1 of the system densities p and
This simplifies the application to the nucleus-
nucleus optical potential, which is calculated as the
difference between the total energy at a finite dis-
tance R and at infinity:
V(R, k) =E (R,k) —E( oo, k),
where k is the relative rnornentum per nucleon. By
this we mean that the momentum of nucleus 3
&
is
equal to 3 & k while that of nucleus Az is equal to
2k F2
FIG. 1. A typical deformed Fermi sea F. Owing to
the deformation of F, two particles initially inside F can
be knocked out of it during an energy conserving col-
-+ —+I
lision (klk2~k& k2) as shown. For details, see Ref. 2.
—32k.
The use of a complex energy functional derived
from a Skyrme-type interaction relies on the fol-
lowing observations.
(i) For the real part of the optical potential there
is a close quantitative agreement between the ener-
gy functional approach results based on the
Skyrme interaction and those obtained from the
finite range complex effective interaction ' derived
from the nuclear matter G matrix associated with a
deformed Fermi sea, such as, e.g., that represented
in Fig. 1
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(ii) The ratio g between the real and imaginary
parts of the finite range effective force is roughly
constant for internucleon distances r up to 3 fm.
Two typical examples are shown in Fig. 2. The
curves have a plateau of almost constant height
with respect to r but which varies with p and ~. In
our examples there is an order of magnitude be-
tween the curves (a) and (b) at r & 3 fm.
In keeping with remark (ii), we proceed in the
following way. We define an r-independent g as
the value taken by the ratio
Imv, tr(r =1 fm)
g(p, r) = Reu, tr(r =1 fm) ' (2)
where u,a(r) is a spin S and isospin T independent
effective interaction obtained by averaging the in-
teraction u (r) of Ref. 4. The reason for choosing
r=1 fm is that both the real and the imaginary
parts of u,~ have a minimum around 1 fm.
The average over S and T is made according to
the formula
g (2S+1)(2T+1)W (r) usr'"'
ST
v,s(r) = g (2S+1)(2T+1)W (r)
ST
(3)
with W (r) given by
W (r)= g(2L+1) I dk, dk, jL'(k»r)
L F
(I +S+T odd)
In Eq. (4), the momentum integrations are carried
over a Fermi sea I'", such as the one depicted in
Fig. 1; the relative momentum k&2 is defined as
J
ki2 ——,(ki —k2), (5)
—7—(2)
where j is the current density. At given p and k,
the minimum of ~ is obtained for a single sphere
with a radius such that the volume is conserved.
Therefore, ~' „is given by
2/3
(2) 3 3+ 5/3
+min 5 2 P
while jL denotes the spherical Bessel function of
order L. This averaging procedure insures that
u, tr(r) reproduces the complex total energy of the
deformed Fermi sea in the Born approximation.
We refer to Refs. 4 and 7 for further details.
In Ref. 4, calculations have been made for a
series of deformed Fermi seas. At given density p
and relative momentum per nucleon k, this series
consists of a succession of configurations of con-
stant volume formed of overlapping spheres with
centers separated by 2k and radii kF and kF . The
example given in Fig. 1 is a particular case where
kF —kF and it corresponds to a maximum in the
1 2
kinetic energy density ~, or alternatively in the in-






At given k, the values of p and s' ' determine
uniquely kF and kF . We have extracted the ratio
g for the series of (k,p, r{ ') values considered in
Ref. 4. For other values necessary in the calcula-
tion, the ratio g has been obtained by a Lagrange
interpolation. For fixed k and p, g is shown as a
- function of ~' ' in Fig. 3.
Following remark (i), we replace Rev, tr with the
Skyrme interaction usK described in Ref. 8. Then
the complex interaction we deal with has the form
FIG. 2. The ratio (=Imv, s{r)/Rev, ir{r) as a function
of the internucleon distance r for two different deformed
Fermi sea: a k„,=1.63890, kj; —1.54759, k=0.25
(fm ) or equivalently p/po —2, z =0.60414 fm —s. (b)
kF —0.980739 kF =0.77426, k=0.5 (fm ') or
p/p0=0. 5, ~' '=0.06655 fm '. po is the normal nuclear
matter density.
vsK(r) ( 1 +C[p r ] jusK(r)
where r = r
~
—r2 is the internucleon distance and p
and r' ' are evaluated locally at (r & + rz)/2 for a
given separation distance R and relative momen-
tum k of the colliding nuclei.
Assumptions such as Eq. (8) have previously
been made in simpler forms. In Ref. 9, the
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strength of both the real and imaginary parts were
treated as adjustable constants within a double
folding procedure. In Ref. 10, also based on an en-
ergy functional approach, the derivation of g was
purely phenomenological. Therefore, one could not
have a control on the effect of the Pauli principle,
which is of crucial importance for the imaginary
part or alternatively for the average nucleon-
nucleon cross section relevant to heavy ion col-
lisions. " ' Also, the relative motion was not in-
corporated in the calculations and g was indepen-
dent of the kinetic energy density.
The interaction (8) gives rise to a complex poten-
tial energy density H~,', which is obtained in the
same way as the real potential energy density H~,
of the Skyrme interaction and is related to it by
H„'«[p(r), r' '(r)]=[ 1+g[p(r), r' '(r)] IH~, [p(r), v' '(r)].
For N=Z, H„„has the form
H~, [p(r), r' '(r)]= , top +—„t3p+—„—(3ti+Stz)pr' '+ ~ (9ti —St2)(Vp), (10}







where t0, t&, t2, and t3 are the Skyrme interaction
parameters. The term proportional to p~' ' reflects
the invariance with respect to a Galilean transfor-
mation. ' In static calculations, j vanishes and(2)
-=v
As in Refs. 3 and 5, the Fliessbach two-center
model' was used to describe the ground state wave
function of the colliding system. The local densi-
ties p(r ) and r( r ) were calculated exactly by using
the formulas given in Ref. 16 while the local
current density j(r) was approximated by
j (r)=k[pi(r) —p2(r)],
where pi(r) and pq(r) refer to the densities at point
r in nuclei 1 and 2, respectively. In the present
calculations, k is parallel to an axis passing
through the nuclear centers. Equation (11) is
correct at large R, where the antisymmetrization
effects in the two-center model are not important.
We found that these effects are quite small at
smaller R and can therefore be neglected. The ra-
tio g also has a local value via p(r) and r' '(r),
which was computed by the Lagrange interpolation
mentioned above.
The potential part E~,(R,k} of the expectation

















FIG. 3. The r-independent g [see Eq. (2)] for various
densities as a function of the intrinsic kinetic energy
density ~' ' at two values of the relative momentum per
nucleon k. The z' ' scale is linear and divided in units
of [w','„—w' „]/10, where r','„a nod' „are given in the
joint tables for each p/po. The meaning of wm,'„and smjg
is explained in the text.
R (fm)
FIG. 4. Comparison of the imaginary part of the op-
tical potential calculated in the present approach (full
curve) with that of Ref. 3 based on the finite range com-
plex force u (r ) (dashed curves) at two laboratory ener-
gies.
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E~t(&,k) = IH~t [p( r )rI '( r )]d r
In Eq. (1), the term E( ao, k) contributes only to the
real part.
Using Eqs. (1) and (12) we have calculated the
optical potential for ' 0+ ' 0 at 83 and 332 MeV
laboratory energy. In Fig. 4, we compare our cal-
culations (full curve) for the'imaginary part with
those of Ref. 3 (dashed curves) obtained from the
exact effective interaction. We notice a very close
agreement between the two results.
The curves in Fig. 4 correspond to the set SII
(Ref. g) of the Skyrme interaction parameters and
b = 1.76 fm for the oscillator parameter. This
choice was made by analogy with the calculations
for the real part. The set SIII of Ref. 17 gives al-
most identical results. The only difference appears
at r g1 fm for E~,b —332 MeV, where ImVis
about 4%%uo lower for SIII.
These calculations suggest that the parametriza-
tion we have proposed for the finite range complex
effective interaction appropriately derived for heavy
ions ' is reliable. It can conveniently be used in
the derivation of the nucleus-nucleus optical poten-
tial as a simpler alternative of the the highly
computer-time-consuming approach based on the
exact interaction. At present, we study the possi-
bility of applying the method to heavier pairs.
It would be interesting to have a more micro-
scopical foundation of the complex energy func-
tional (9). A density matrix expansion might pro-
vide an explicit dependence of its imaginary part
on p and ~ in a similar way as was found for the
real Skyrme interaction. '
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